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PRELIMINARY INVESTIGATTON OF THE
FIOW IN AN ANNULAR-DIFFUSER-—~TATT.PTPE COMBINATTION WITH
AN ABRUPT AREA EXPAWSION AND SUCTION, INJECTION, AND
VORTEX-GENERATOR FLOW CONTROLS

By John R. Henry and Stafford W. Wilbur
SUMMARY

The performsnce of an annular-diffuser—tailpipe combination with
an abrupt aree expansion was linvestigated with and without flow controls
in the form of suction, injeection, and vortex generators. The diffuser
had a 21-inch-diameter straight outer wall, an area ratio of 1.9 to 1, -
and fully developed pipe flow at the inlet. Inlet Mach number was varied
between 0.18 and 0.43 with a resulting maximum Reynolds number (based on

inlet bydraulic diemeter) of spproximately 1.6 x 106. The ratio of the
auxiliary sir flow to the flow of the main stream wes varled from O to
approximately 4 percent.

Rounding the sharp edge of the terminus of the center body Lo a
redius of l% inches eliminated a vena contracta which occurred with the

sharp-edged dump, and resulted in & 200-percent lncrease in the static-
pregsure rise across the flrst dlameter of length of taillpipe. Both
suction and injection flow controls were effective in producing Improved
diffuser performsnce. Further research is needed to reduce the amount
of auxilisry flow required for satisfactory diffuser performance and to
reduce the pumping losses in the suxiliary flow.

INTRODUCTION

The performance characteristics of subsonic-annuler-diffuser designs
spplicable to turbojet afterburners are being studied in a research pro-
gram initiated to develop short configurations which provide stable flow,
reasonably uniform diffuser-exlit veloclity distributions, and efficient
performance, all of which are important for satisfactory afterburner
performance.
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The first reports of this program are references 1 to 4. Refer-
ences 1 and 2 establish performence values with and without vortex-
generagtor controls for g typilcal annuler diffuser with conical after-
body. The overall length of the diffuser was such as to correspond to
an equlvalent cone angle of 15°. The effect of terminating the center
body abruptly and sharply, thus producing an sbrupt area expansion, is
described in reference 3. The two investigations, the 15° and the abrupt
dump aiffusers, have served to esteblish reference points in the develop-
ment of short, efficient annulasr diffusers. The 15° diffuser with
vortex—generator control provided as efficlent a performance as can be
expected in practice; whereas the abrupt dump represents the other
extreme, a diffuser with all the ares expansion teken at one station
and with a correspondingly inefficient performance. The relative merit
of other diffuser designs may be determined through performance compari-
sons with these two reference diffusers. The investigation reported in
reference 4 indicated that a performance comparing favorably with the
15° diffuser could be obtained with a shorter diffuser of 240 equivalent
cone engle and wlth vortex-generator control.

The investigetion of the abrupt dump diffuser indicated that the
diffusion per unit length in the constent-area tailpipe was severely
penslized by the formatlon of an extensive vena contracta region down-
gtream from the sbruptly terminated center body. Downstream from the
vena contracta region, the diffusion proceeded at a rate comparable to
that of the 15° diffuser. These resulis suggested that an efficient
short diffuser design might be obtalned by rounding the sharp edge of
the sbruptly terminated center body in order to eliminate the vena con-
tracta reglion and start the diffusion process. Through the use of flow
controls, it was enticipated that asttached flow could be maintained on
a surface of fairly small radlus. Such a dlffuser design has been
investigated, and the results are reported herein.

The performance of the modified dump design was determined with no
controls and with suction, injection, and vortex-generator controls.
The inlet conditlions corresponded to fully developed pipe flow, mean
Mach numbers ranging from 0.18 to 0.43, and resulting maximum Reynolds

number (based on hydrsulic dismeter) of approximately 1.6 X 105.

SYMBOLS
D diffuser outer dlameter
u total preassure- --
AH total-presgure loss
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1

5%

a* /6

longitudinal distance along tallpipe axis measured from
end of center body

Mach number

n
exponent in velocity dlistribution law, % = (%)

static pressure
static-pressure rise
auxiliery air-pumping energy coefficient

impact pressure, H - p

redisl distance from diffuser center line

ratio of auxilisry sir-volume flow to main stresm-volume
flow at inlet statlon, percent

Reynolds number
local veloclity
maximm velocity occurring in radlal veloclty distribution

perpendicular distance from wall

boundary-layer thickness

(3]
boundary-layer displacement thickness, f <l - %)dy
0

o]
boundary-layer momentum thickness, f %( - %)dy
(o]

boundaery-layer shape parameter

diffuser effectiveness
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Subscripts:

1 diffuser inlet station

2, 3 downstream diffuser statlons

X varlable downstream diffuser station
N no suxilisry flow

R varigble guxiliary eir-flow ratio
in reference to diffuser inner wall

out reference to diffuser outer wall

8 suction

I injection

Bar over symbol indicates & weighted average quantity.

APPARATUS AND PROCEDURE

Test Egquipment

A diagram of the experimental setup is shown In figure 1. Atmos-
pheric air entered the cylindrical screen sectlon and passed through an
inlet bell, which was connected to the test diffuser by spproximstely

27 feet of annular ducting having an inner diameter of lh%-inches and

an outer dismeter varying from 21 to 25 inches. Downstream ducting con-
nected the getup to an exhsuster. The center body of the annular
gpproach duct was used as an auxiliary air duct and was connected to a
blower or exhauster according to whether injection or suction flow con-~
trol tests were in progress. The auxiliary alr duet was fitted with a
flow-measuring orifice designed and installed according to A.S.M.E.
stendards (ref. 5).

A detalled drawing of the modified dump snd adjacent ducting is
given 1In figure 2. All Internsl surfaces and Jjoints were filled and
sanded for several feet upstream from the diffuser inlet station. The
plate coverling the end of the center body was hardwood with the outer

edge rounded to a l%-—inch radius, as shown, and & groove 1/2 inch deep
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by 1/2 inch wide cut in the downstream face on a 10%u-inchydiameter

center line. TFor the asuxiliary flow tests, 40 equispaced 3/8-inch-
diameter holes were drilled longitudinally through the hardwood plate
at the base of the groove.

Tnstrumentation

Stream total and static pressures were measured by four equally
spaced, remote-controlled survey rakes at the diffuser inlet station,
station 1, and the tallpipe stations, stations 2 and 3. Flow surveys
were made at only one station at a time so that there were no instru-
ments in the stream shead of the measuring station. Staegnation-
temperature measurements were taken at a point in the approach annulus
several dliameters upstream from the diffuser inlet, and measurements
of the stagnation pressure and temperasture were taken in the auxilisary
alr duct about 1 inner-body diameter from the hardwood plate.

Static-pressure orifices extending from upstream of the diffuser
inlet station to statlion 3 were installed along a single generatrix on
the outer wall. At each of the three stations, four equlspaced static
orifices were located on the outer wall. ’

All pressure measurements were made with multitube manometers con-
taining a fluld whose specific gravity was 1.75. The manometer sceles
were read to the nearest tenth of a centimeter.

Tests

Before drilling the 3/8—inch-diameter holes in the hardwood plate
(see fig. 2), the performance of the modified Gump diffuser was inves-
tigated over a renge of inlet Mach number without flow controls. Total-
and static-pressure surveys were msde at stations 1 and 3 and wall
static-pressure and reference readings were recorded. The same config-
uration was investigated with vortex-generstor controls consisting of
2k NACA 0012 symmetrical rectengular airfoil sections with 3-inch chord
end 1/2-inch span set counterrotating at }15° with the longitudinal axis
of the diffuser. The effectiveness of the vortex generators was deter-
mined for two vortex-generator locations, 1 inch and 6 inches upstream
from the end of the center body.

After completing the aforementioned tests, the hardwood plate was
drilied and the suction and injection control tests were run. The
inlet Mach number was varied over a range from 0.18 to 0.43 in a lim-
ited number of cases to establish trends. Most of the downstream sur-
veys were made at station 3 because total-pressure readings at this
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station were considered to be more accurate than at station 2 because
of the more uniform velocity dlstributions.

Bagis of Comparison

The description of the flow development and the effectiveness of
each flow-control method in promoting diffusion is presented in terms of

Ap
the longitudinal distribubtions of static-pressure coefficient q%‘x,
1
the radial distribution of relative velocity u/ﬁi, and the local change

(23) 5 - (B3)y
in total pressure with suction or injection control = .

(AHJ__5)N
Zp ,
The oversll performance in terms of the mean coefficients ——=,
Qe
iR

1'2, and —:%Fé is also glven.
ey ey

For purposes of evaluating the modified dump performance corrected
for pumping energles required for the suction and injection control, the
static-pressure-rise coefficient was converted to an effectiveness which
is defined as the ratio of the measured static-pressure-rise coefflclent

551-a[§5i
to the input static-pressure coefficient where the input

()
qcl input

static-pressure coefficient is the sum of the pumping energy coefficilent
and the theoretical, one-dimensional, isentropic stetic-pressure coef-
Ticient corresponding to the mean inlet static and total pressures and
the diffuser area ratio. The pumping energy coefficlents are defined
in figure 3. In ordexr to evaluaste the pumping energy, it was necessary
to agsume a hypothetical sgource for the injectlon alr and s hypotheti-
cal exit for the suction air. In both cases, the diffuser inlet was
assumed as the reference station, thus confining the auxliliary alr sys-
tem to the diffuser proper and eliminating any varisbles which would be
impossible to assess in applying the results. It wes assumed that the
auxiliary alr-flow pump operated at an efficiency of 100 percent. In
the case of injection, it was assumed that a pump would have to supply
a pressure rise equal to the difference between the Inlet statle pres-
sure snd the measured total pressure in the chamber upsitreem from the
injection holes. For suction, it was assumed that the pump would supply



NACA RM L53K30 S 7

T

a pressure rise equal to the difference between the inlet mean total
pressure and the chamber total pressure. The corrected total-pressure-
loss coefficlent was obtalned gimply by adding the pumping coefflicients
to the measured loss coefficients.

RESULTS AND DISCUSSION

Inlet Measurements

In order to define the inlet flow conditions, which are pertinent
factors governing the flow development throughout any diffuser, inlet-
total-pressure surveys were made at four equally spaced circumferentiel
stations. Ultimately, these measurements were alsc used In determining
overall diffuser performance coefficilients. Boundary-layer profiles
determined by using the survey data are presented in figure 4 in terms
of the ratio of local velocity to the maximum velocity as a function of
radisl pogition in the annulus. Since no significant circumferential
variations were measured, the aversge of the four sets of data is pre-
sented. In addition, figure U4 indicates negligible differences between
the date for the lnner and ocuter wall with respect to wvelocity profiles
and the significant boundary-layer perameters listed. The boundary
leyer filled the entire annulus, similer to fully developed pipe flow,
and the use of flow controls did not alier the Inlet conditlions for the
range of variables tested. The diffuser performance presented herein
is conservative in comparison with the systems sketched in figure 3,
where either the injection-system inlet or suctlion~system outlet would
serve as diffuser-inlet boundary-layer controls. The inlet boundary
leyer of the investigation reported herein is essentially the same as
that of references 2 to k.

Longitudinal Static-Pressure Distribution

A convenient index to the flow development for a given diffuser 1s
the longitudinal static-pressure distribution, since the change in pres-
sure per unlt length is indicative of the rate of change of the mean
dynamic pressure. Plots of the static-pressure-rise coefficient as
determined from the outer-wall static-pressure orifices are glven in
figure 5 as & function of diffuser length for control and no control.
The values given are slightly higher than mean values in the region
immedigtely downstream from the center body because of radlal pressure
gradients such as those described in reference 3 and have not been cor-
rected for injection and suction pumplng powers. .

No-control values over a range of inlet Mach number are compared in
figure 5(a) with those obtalned in the investigation of the sharp-edged

———
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dump of reference 3 and of the 15° diffuser of reference 2. A small,
unfavorable effect due to increasing speed is apparent. The comparison
of the deta for the rounded and sharp-edgéed dvmps indicates thet the

l% -inch radius on the center-body terminus was responsible for the

elimination of the vens contracta obtained with the sharp-edged dump
end described in reference 3. This effect resulted in an increase in
the gtatic-pressure-rise coefficlent at the station with 1/D = 1.0 of
about 200 percent. The camparison of the data for the rounded dump
with the 15°© diffuser indicates that the rounded dump produced only

69 percent of the 15° diffuser static~pressure rise at the station with
1/D =1.0. These dsta comparisons indicate that radii larger than

l% inches would probably produce further improvements in the performance,

since the longitudinal static-pressure distribution for the .rounded dump
contains a region of appreciable length where there is no static~pressure
rise.

The effect of wlthdrawing air through the holes dxrilled in the end
of the center body (see fig. 2) by applying suction to the center duct
is shown in figure 5(b). Increasing suction rates tended to remove the
reverse curvature in the longitudinal static-pressure distribution in
the reglon just downstream from the center body and resulted in an
increase in the static-pressure coefficlent at the l-dlameter station
of 4O percent over that for no control. Presumsbly, the increased per-
formance was a result of removing alr from the turbulent back-flow
region Just downstream from the center-body terminus, thus permitting
the main streem to diffuse more rapidly. '

The effect of injecting high-energy ailr through the same holes used
for suction control is presented in figure 5(c). The purpose of injec-
tion control was to confine radially the turbulent back-flow region Just
dowvnstream from the center body, thus permitting more rapid diffusion of
the inlet flow. Figure 5(c) indicates that the injection flow comtrol
was also successful. The highest injection rates eliminated completely
the reverse curvature ln the longltudinal statlic-pressure distribution
in the region just downstreem from the end of the center body. This
effect produced an increase in the actual static-~pressure-rise coeffi-
clent at the l-dismeter station of sbout 43 percent. A part of the
increased static pressure for the injection rumns must aliso be attributed
to the higher mean total pressure of the flow resulting from injection,
exclusive of any flow-control effects. The curves of figure 5(c) also
indicete that injection improved the diffusion in the region of the
rounded surface probably by an injector action which Induced the msin
flow to follow the rounded surface. Both the suctlon and injection con-
trols produced static pressures at the l-diameter station comparable to
those of the 15° diffuser with no control.
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The effectiveness of vortex-generstor control in promoting better
mixing was investigated briefly and the resulis are presented in fig-
ure 5(d). It was found necessary to move the vortex generators 6 inches
upstream to obtaln spprecisble performsnce gains, which effectively
lengthened the diffuser undesirably. A gain in static pressure at the
l-diemeter station of 32 percent over that for no control is indicated
for the upstream vortex-generator location.

The data of figure 5 are sufficient for sketching rough gpproxims.-
tlons of the flow patterns in the diffuser for the variocus control sys-
tems. Such sketches, figure 6, are useful for 1llustrating the flow
immediately dovnstream from the inner body and the apparent effects of
injection and suction control on the back-flow region. A figure taken
from reference 3, figure 6(a), has been included to illustrate by com~
parison with figure 6(b) the beneficial effect of the rounded surface
on the vena contracte. The effect of Injection on confining the back-
flow region is apparent from comparing figures 6(b) and 6(c). TFig-
ure 6(d) indicaetes that suction controls the back-flow region by
removing the low-energy alr in this reglon.

Radigl Distributions

Radial pressure surveys were made at the dowmstream stations in
order to determine the effectiveness of control in producing more umiform
total-pressure and veloclity distributions. Figure T illustrates the
effect of injection on the flow at stations 2 and 3 In terms of the ratio
of local velocity to the mean inlet veloeclty as a function of an area
term (the radius squared).

Data for the no-control cases were taken at station 3 only. The
effect of injJectlon on the velocity distribution at-station 3 was minor,
whereas injection produced some improvements in the dlstributions at
station 2. From figure 5, 1t can be seen that the improved dlstributions
due to injection probably extended over the first diasmeter of length.
Figure 7 indicates considerable mixing between stations 2 and 3. Since
the alinement and location of the InjJection Jets were selected arbltrar-
ily, it may be safely assumed that the design ls not optimm. The
effects of injection location and alinement should be investigaited further
for the purpose of obtaining more control over the flow and velocity dis-
tribution since the results of the present preliminary investigation
indicate that injection is effective in producing lncreased static-
pressure rise.

A comparison of veloeity dlstributions obtained at statlon 3 with no
control, injection, or suction is presented in figure 8. The suction
date indicate a strong tendency towards moving the alr to the center of
the duet at the expense of the flow near the outer wall. This result

AR
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indicates that for this diffuser conflguration suctlon control ls more
effective than injection in producing uniform veloclty distribubtions at
station 3.

The effect of control om radisl total-pressure distributions at
station 3 is illustrated in figure 9, where the ratio of the difference
between local. total pressures with and without control to the total.-
pressure loss without control is presented as a function of radius
squared. The function plotted is equivalent to the local improvement
in total pressure due to control in terms of the no-control loss. The
no-control case corresponds to zero values at 8ll radii.

The effect of suction control was en increase in the total pressure
near the center of the duct by control of the back-flow reglon and a
decrease in the total pressure near the outer wall as a result of the
boundary-layer development in a higher sdverse gradlent. These effects
are reflected directly in the velocity distributions of figure 8.

The effect of-injection control for the 2.06-percent case was unfav-
orgble since higher losses were produced in the lnner half of the duct
indicating a detrimentel effect on the back-flow region. The highest
injection rates produced epproximately constant additions of total pres-
sure across the duct which were sccompanied by higher static pressures
producing little net effect on the velocity distributions of figure 8.

Mean Performsnce Coefficients

Static-pressure-rise coefficient.- The effect of suction and injec-
tion control on the actual static-~pressure-rise coefficlent at station 2
is illustrated in figure 10 as a function of mean inlet Mach number.
Actusl dats points are plotted and faired curves corresponding to con-
gtant velues of percentage suction or injection air have been drawn. The
date indicate that increasing Mach number hss & typically detrimental
effect on static-pressure recovery. About L-percent injection or suction
flow produced approximately 4O-percent increase in the actual static-
pressure rise over that obtained with no control.

In order to illustraste the effect on static-pressure coefficient of
varylng the amount of suction or injection flow for several taillpipe
lengths, a cross plot of figures 5 and 10 1s presented in figure 11.
Static-pressure-rise coefficient at an inlet Mach number of gbout 0.26
is given as a functlon of percent suxiliary sir flow for curves of con-
stant tallpipe length. The curves show conclusively that suction conbrol
produces higher static-pressure coefficients up to about 3%»percent

auxilisry air flow for teilpipe lengths greater then sbout 0.6D. For
tailpipe lengths of less than about 0.6D, injection is superior to suction
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because suction failed to control the flow over the rounded section.
Suction produced improved performsnce at any auxilisry flow; whereas at
tailpipe lengths of 1 dlameter or more, up to 2-percent injection had
no effect.

Total-pressure-logs coefficient.- Measured totel-pressure-loss coef-
ficients (not corrected for pumping power) between the inlet and sta-
tiong 2 and 3 are presented in figure 12 as a function of inlet Mach
number. Faired curves at constant values of percent auxillary air flow
are included. The reductlon in loss coefficient with increasing per-
centage of suction air flow is indlcative of the amount of low-energy
alr removed by the suction. The large drop in loss coefficient with
inereasing injectlion air flow, however, 1s lergely due to the high energy
of the injection alr raising the mean energy of the stream exclusive of
any flow-control effects. A comparison of the injection data for sta-
tlons 2 end 3 indlcates mixing and frictlon~loss coefficients in the
tallpipe length from stations 2 to 3 of approximately 2 percent. The
vortex-generator installation which was located 6 inches upstream from
the end of the center body produced at an inlet Mach number of 0.26 a
loss coefficient about T perceni higher than that for no conmtrol.

Coefficients corrected for pumping power.- An accurate assessment
of control performance which involves movement of suxiliary flows cannot
be accomplished unless pumping powers are conslidered in the performance
parameters. Pumping-power coefficients calculabed for the purpose of
correcting the measured static-pressure-rise and tobal~pressure-loss
coefficients according to methods described In a previous section are
presented in figure 13 as & function of percent of suxiliary flow. AL
a glven percent auxiliary air flow, the pumpling powers for suctlon were
slightly grester than those for injection. The pumping powers lncrease
repldly with Increased auxiliary flow and approach values equivalent to

the no-control total-pressure-loss coefficlent at values of R from 3;'2--
to It percent. The pump pressure rise required for a given value of R
1s readily ceslculable from the data of figure 13. "Since no effort was

expended in determining optimum areas for the auxiliary eir holes, the
pumping-power-coefficient values must be regarded ag somewhat arbitrary.

The diffuser effectiveness including the pumping-power correction
and based on the static-pressure-rise measurements to statlon 2 are pre-
sented in figure 14 as a function of percent auxiliary airflow. Total-
pressure-logs coefficients at station 3 corrected for pumping power are
glso ineluded. '

For purposes of compearison, performance polnts for no control for
the. 15° diffuser of reference 2 and the sharp-edged dump of reference 3
have been indicated in figure 1%. Camparison of these data with the
subject-diffuser data indicates that with no conitrol the modified dump
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produced about 80 percent of the loss coefficient of the sharp-edged dump,
but exceeled the loss of the l5° diffuger by 170 percent. It is apparent
from figures 5 and 14 that, although injection and suction controls were
effective, the pumping powers required for the sublect configurstion were
excessive and prevented the attainment of the performsnce of the 15° dif-
fuser. These results suggest that means for reducing the required pumping
powers should be investigated further. Pumping powers may be reduced both
by determining more efficlient auxiliary-asir-system designs and by reducing
the control requlrements of the diffuser by accomplishing more of the dif-
fusion in the conventional mesnner of—increasing the cross-sectional ares
at moderate rates prior to dumping the flow.

CONCLUSIONS

The performance of an asnnular-diffuser—tailpipe combination with an
abrupt area expansion was investlgated with and without flow controls in
the form of suctlon, injection, and vortex generators. The diffuser had
& 2l-inch-diameter straight outer wall, an area ratio of 1.9 to 1, and
fully developed pipe flow at the inlet. Inlet Mach number was varied
between 0.18 and 0.43 with a resulting maximum Reynolds number (based on

inlet hydraulic diameter) of approximately 1.6 X 106. The ratio of the
guxiliary alr flow to the flow of the main streem wag varied from O to
approximately 4 percent. The following conclusions are presented: )

1. Rounding the sharp edge of the terminus of the center body to a
radius of l% inches was responsible for the elimination of the vena con-

tracta effect resulting in g 200-percent lncrease in the static-pressure
rise across the first diameter of length of tailpipe as compared with
thet obtained with the sharp-edged dump.

2. At the same tallpipe station, the rounded dump produced 69 per-
cent of the static-pressure rise of a 150 anmular diffuser previously
investigated. The longitudinal static-pressure distributions indicated
that a larger radius at the center-body terminus probably would produce
further gains in performance. }

3. Suction and injection control produced 40- and L3-percent increases,
respectively, in the measured static-pressure rise to the l1-diasmeter tail-
pipe station. A vortex-generator instellation produced a 32-percent
increase in the static-pressure rise to the same station; however, 1%
was necessary to locate the generators an appreclable dlstance upstream
from the diffuser which effectively lengthened the diffuser undesirably.

R,
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4. Rediel pressure surveys at the tailpipe stations showed that the
higher injection rates produced roughly uniform increases in the total
pressure across the section; whereas suction control lncreased the total
pressure and velocity near the tallpipe center line at the expense of the
total pressure in the outer half of the duct.

5. The pumplng powers required for suction and injection control
for the configurstion tested were excessive and reduced the measured
performance gains of gpproximately L0 percent to gains corrected for
pumping power of 13 and 6 pércent for suction and injection, respec-
tively. This result suggeebs that 1n order to reduce the pumping powers
the basic dlffuser design should be Improved and more efficlent suxiliary-
alr-system designs should be determined through further investigetions.

Langley Aeronsutical Leboratory,
National Advisory Committee for Aerconautics,
Langley Field, Va., November 17, 1953.
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Figure 6.- Apparent flow patterns for an abrupt dump and & modified dump

utilizing suxiliary flow.
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